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Abstract. This paper establishes an approach to external force estimation 
through the use of a mathematical model and current sensing, without employing 
a force/torque sensor. The advantages and need for force feedback have been 
well established in the field of telerobotics. This paper presents the requirement 
for sensorless force estimation and comparative results between a force sensor 
and the presented approach using an industrial robot. The approach presents not 
only a cost effective solution but also a solution for force sensing in hazardous 
environments, especially ionizing radiation prone environments where the dose 
rates limit the use of sensing equipment. The paper also discusses the applica-
tions and advantages presented by this work in various fields. 
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1 Introduction 
In teleoperation a human operator manipulates master device, and a slave device fol-
lows the motion while manipulating in a remote environment. Providing the operator 
with various information regarding the remote environment like position, orientation, 
contact, load, forces and others; improves the task performance and the operator un-
derstanding of the environment. This information can be viewed on display screens [1] 
but, it is more intuitive when provided directly, by reflecting the measured parameters 
like positions and torques to the master haptic device. When the operator is interacting 
with the slave with a haptic master then the operator is said to be kinesthetically cou-
pled to the environment. The task being performed is said to be bilateral controlled 
teleoperation [2], [3]. The continued advances in these various fields of control, 
communications, haptic systems and others have made possible to have an integrated 
robotic master slave system that it is able to aid the human operator in effective task 
execution.  
The teleoperation slaves are generally controlled using bilateral control algorithms. 
Bilateral control algorithms main goals are stability and transparency. Stability assures 
expected system response for the teleoperation task. It ensures stability and prevents 
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hazards on the master and slave sides of the teleoperation. Transparency is said to be 
achieved when the human operator interacting with the master device feels as if present 
in the remote environment. Which means that, the human operator movements are 
mimicked by the slave in the remote environment and the reaction force from the 
remote environment is applied to the operator [4]. 
Haptic devices used in telerobotics are force exerting mechatronic designs to ensure 
the human operator experiences an immersive interaction with the remote environment.  
Generally, kinesthetic haptic interfaces not only exert forces to the operator, but behave 
as bidirectional channel to exchange forces and interactions. In recent years, haptic 
interfaces have advanced in various interfaces and towards cost effectiveness, like the 
creation of commercialized equipment [5]. They have been used for several applica-
tions in different fields such as telerobotics [6-7], medical surgery [8-10] and others. 
Dissimilar master-slave systems have been coupled with the use of scaling and other 
adaptation [11] methods.  
This paper will be focussed on hazardous environments with ionising radiation as 
they present critical need for robot deployments to reduce human intervention. These 
environments are primarily nuclear facilities and large scientific facilities focused on 
nuclear research.  
Nuclear facilities [12] have continuously used robot deployments since the first 
developments carried out by Ray Goertz for the U.S. Atomic Energy Commission [13]. 
Large scientific experiments like CERN (European Organization for Nuclear Research) 
[14] and JET (Joint European Torus) [15],[16] are also deploying telerobotic solutions 
in sections where the ionising radiation and hazardous conditions make it difficult or 
impede human intervention. Ionising radiation hazard depends on the location, dose 
rates and time elapsed. Some of the robot deployments at CERN for maintenance are, 
the autonomous source storage robots in the ISOLDE facility [17], the teleoperated 
TIM robot [18] and Mantis mobile platform [19]. While at CERN and JET complete 
remote handling solutions for all the tasks were not considered during the design phase 
but, at ITER (International Thermonuclear Experimental Reactor) [20][21] it is crucial 
to have complete remote handling solutions due to the hazardous environment. 
Traditionally, most of the slaves used in remote handling on radioactive or haz-
ardous facilities have been specifically designed for teleoperation tasks where dexterity 
is essential, i.e. Mascot manipulators used at JET and CERN [12], the Bilateral Servo 
Manipulator (BSM) deployed in Japan for the Tokai Vitrification Facility (TVF) and 
the Recycle Equipment Test Facility (RETF) [22]. These teleoperation slaves are 
characterized for being easily backdrivables to follow the operator movements 
smoothly. On the other hand, the robots used for autonomous tasks are industrial robots 
designed for repetitive tasks where the adaptability for changing from one kind of 
operation to another could result in lengthy preparation. Industrial robots are usually 
heavy manipulators with high reduction rate and friction in the gears that make them 
non-backdrivable or simply the mechanism is non-backdrivable itself. With the large 
number of industrial robots existing in the world in comparison with dexterous ma-
nipulators and their relative lower price, a straight forward adaptation to acquire some 
characteristics of the custom designed manipulators is desirable. Nevertheless this 
approach has not been common and an insignificant number of industrial robots have 
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been adapted for teleoperation tasks. This has been done previously by attaching high 
proficiency force and torque sensors in the robotic end-effectors [22] for teleoperation 
tasks and during a shared control study [23]. 
Two requirements to further increase the use of teleoperated robots during mainte-
nance of hazardous facilities are presented in section 2. Section 3 explains the hy-
pothesis and the preliminary results of the approach. Section 4 details the setup used 
when applying this research on an industrial robot. In section 5 the mathematical model 
and the approach is explained. Results of the approach from the industrial robot are 
compared with the results from force torque sensor are presented in section 6 and in 
section 7 conclusions and future developments are presented. 
2 Requirements 
Towards reducing human intervention and as low as reasonable achievable (ALARA) 
safety measures, more remote handling solutions are explored. A working problem and 
need has been seen in large scientific facilities where remote handling under ionizing 
radiation is necessary.  
2.1 Force estimation for teleoperation of industrial robots 
As discussed above, the remote handling interventions in hazardous facilities have been 
typically carried out with low reduction gears and a low weight-to-payload ratio slave 
manipulator. This is done to achieve force reflection capability. This force reflection is 
conveyed to the operator using the bilateral control system between master and slave. 
The positional feedback and the backdrivable design of the manipulator [24] made it 
possible for the first bilateral control architectures. The robot reflected the position of 
the operator and the environment making it more secure system for a robot sharing the 
environment with humans or interact with remote objects. Newer control techniques as 
force-position control schemes transmit the environmental forces to the operator along 
with position and other parameters. The force is acquired by specially designed force 
and torque sensors [25-26] or sensorless force feedback approach determining them 
from the actuator model like it is showed in [27] where the nominal parameters of a 1 
degree of freedom system are used to control a slave in position and acceleration. Both 
[28] and [27] propose a sensorless approach called disturbance observer to control each 
robotic joint independently in acceleration and position modes. They differ from the 
approach presented here since the external forces and parameters variation like inertia 
are estimated together for control purposes. In these researches there is also no external 
force determination. Independently of the method used to estimate the forces, the 
simplest algorithm to teleoperate a non-backdrivable slave is the force-position algo-
rithm described in Fig. 1. 
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2.2 Force sensors in radioactive environments 
Another need for such a force sensorless system is, to be able to obtain force feedback 
information without the need of designing new force sensors due requirement of size 
and application in the remote environment. The findings summarized by Keith E. 
Holbert et al. in [29] during their performance study of commercial off-the-shelf mi-
croelectromechanical (MEMS) systems sensors in a radioactive hazardous environ-
ment, shows the limitations imposed by radioactivity over pressure transducers based 
on MEMS technology. Hence, depending on the different hazardous environments and 
robot tasks there is a need to redesign sensors due to size and environment require-
ments. An example of which is the development of hard-rad ATI force sensor used in 
the AREVA recycling plant [25] robot deployment.  
The ability to have force information from the remote environment without a 
force/torque sensor is beneficial in terms of understanding the remote environments 
force interactions. Along with no additional large cost, size and development time to 
adapt the robot with a force senor. Therefore, these requirements are the motivation 
behind the presented approach of force estimation without the use of force sensor for 
application in telerobotics.  
 
Fig. 1.   Force-Position control algorithm. 
3 Hypothesis 
As the forces and torques applied on the master are proportional to those applied to the 
slave in a bilateral control using force channel, the estimation of the robot end effector 
torques and forces can be accomplished by means of modelling the robot dynamics. 
Equation (1) describes the relation between forces and torques on the end effector and 
joint torques on the robot and equation (2) is the well-known equation of robot dy-
namics. 
 τm=J
T·T  (1) 
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Where, 
τm: vector of motor torques exerted in each joint. 
J: is the robot jacobian. : is the vector of forces and torques ejected in the robot end effector and expressed in 
the base coordinates system. 
D: is the robot inertia matrix. 
H: is the Coriolis forces vector. 
C: is the gravity forces vector. 
τ: is the friction torques vector. 
τext: is the external torques on each joint produced by external forces on the end ef-
fector. 
 τm=Dq·q+Hq, q · q +Cq+τf q +τext (2) 
By combining (1) and (2) the external forces at the tip result on (3). 
 Text=(JT)
-1
· τm-Dq·q -Hq, q · q -Cq-τf q  (3) 
We hypothesise that in electric motors torque can be correctly estimated with equation 
(4). Based on the current amplitude of each actuator and the mathematical model it is 
possible to determine the external forces excreted on a robot with multiple degrees of 
freedom.  
 τm=Ke ·Ia·G (4) 
Where, 
Ke : is the motor torque constant in [N/A]. 
Ia: is the current amplitude in [A]. 
G: is the gear ratio for each joint. 
If the motor currents are sinusoidal the instantaneous amplitude of the waveform can be 
calculated with the following expression (5) detailed in [30] where ia and ib are the 
phase a and b instantaneous currents respectively. 
 Ia= 	 ia√2·sin( atan -√3	ia2ib+ia)	  (5) 
3.1 Preliminary Setup. 
Fig. 2 shows the preliminary setup used to verify the first hypothesis. It was composed 
by: 
• 1x Aerotech® S-50-86 AC motor. 
• 2x TH3A Hall effect current sensors  
• 1x RWT410 series manufactured by Torquesense®  
• 1x National Instruments NI-USB 6212, 16-Bit resolution and 400 kS/s data acqui-
sition. 
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• 1x pulley setup with different weights available. 
The current sensors were calibrated and placed in shielding to avoid electromagnetic 
interference and noise. The test rig used in this setup is able to support the motor in a 
free axis movement as well as allow the weight lifting of several weights with a pulley 
of 32 mm in radius. 
 
Fig. 2. AC Motor test bench with torque transducer 
 
Fig. 3. Single DOF torque experiment. 
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3.2 Preliminary results 
Tests were carried out in the mentioned test rig, lifting varying weights by means of 
coupling the pulley directly to the motor axis. Fig. 3 corresponding to the external 
torque calculated via measuring the two phase currents of the motor and applying the 
expression in (5) and the measurement with the torque meter inserted between load and 
motor axis. The calculated torque is proportional to its correspondent torque meter 
curve and in this case has less error than the torque meter. It indicates the precision 
acquired with this method as the torque calculation is performed using the instanta-
neous current data acquisition. The small delay between the two curves is caused by the 
time that the cabling weight takes in acquiring the necessary tension to lift the weight.  
4 Setup 
The experimental setup is composed by the following elements: 
• 1 x ABB IRB 2400-16 industrial manipulator, Fig 4. 
• 1 x ABB SC4+ robot controller able to interface with RS422. 
• 1 x NI-USB 6212, 16-Bit resolution, 400 kS/s. 
• 1 x EMI shielded measurement box specifically designed for this purpose shown in 
Fig. 4.  
• 1 x Force/Torque sensor, ATI, Gamma SI-130-10. 
 
 
Fig. 4. ABB IRB 2400-16 and data acquisition setup. 
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The ABB IRB 2400-16 is an industrial robot with a payload of 20 kg and a reach of 
1.55 m. It is equipped with 6 axis driven by PMSM actuators.  
In order to measure the instantaneous current consumption of each actuator an EMI 
shielded measurement system was designed to capture the outgoing current from the 
robot controller to the manipulator. This measurement board is composed by 12 Hall 
Effect sensors, two for each motor. The current sensors used on this experiment are the 
inexpensive TH3A for joints 1, 3, 4, 5 and 6 and TH5A for joint 2 with nominal input 
currents of 3 and 5 A respectively. The output signal of each sensor was sampled at 1 
KHz by means of the NI-USB 6212. 
5 EXPERIMENT DESIGN 
5.1 Dynamic modelling 
The Newton-Euler or Lagrangian method is typically used to derive the dynamic 
equations of kinematic chains of rigid bodies [31]. Both approaches yield the equation 
described in. (6), which is basically (2) without the friction and external forces terms. 
τ		is an Nx1 vector expressing the joint torque vector necessary to move a robot with N 
dof with the dynamics described by the right part of the equation. 
 τ	=Dq·q+Hq, q · q +Cq  (6) 
The barycentric parameters [32] or the modified Newton-Euler method [31] can be 
used to yield a model of the form: 
 τ	= f (q, q , q )   (7) 
It is linear in the inertial parameters. Particularizing for a unique point in a certain 
trajectory that forms results into the following equation: 
 τi=Ai·øi  (8) 
Where    is an n x 1 vector, Αi·  is an n x 10n matrix and ø  is an n x 1 vector. For linear 
models it is possible to apply a parameter estimation by least mean squares by stacking 
the equation (8) with P data points [33] .and obtaining the vector form (9): 
 τ
 
=A
 
·ø
 
  (9) 
With: 
 τ
 
= :·		 and Α=
A1:·
Αp
   (10) 
Where τ is now an nP x 1 vector and A is now nP x 10n matrix. Determining the joint 
torques with the method mentioned previously allows an estimation of the unknown 
parameters with the general solution for least mean squares:  
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 ø=ATA	-1ATτ  (11) 
Unfortunately it is not possible to always apply simple least squares estimation since 
ATA is not invertible due the loss of rank from restricted degrees of freedom at the 
proximal links and the inability to measure the forces and torques in every direction 
[33]. Two main methods are used to cope with the loss of rank, parameters elimination 
and damped least squares. The parameters elimination technique discards the 
non-identifiable parameters indicated by zero or small singular values of the regressor 
matrix. This procedure is not necessary when having an initial parameter estimation ø0 
obtained from the CAD model or by different means. The damped least squares leads to 
a solution by: 
 ø=(ATA+λ2I)-1ATτ̃  (12) 
Where λ is the damping factor and τ̃=τ-Aø0 . The damping factor modifies the 
singular values and cancels out the effect of very small values. The initial solution will 
be perturbed over the normal least-squares solution. 
5.2 Slave characterization and parameters determination 
A dynamic robot model which relates robot motion to joint torques, describes the 
rigid-body motion of the robot. This model includes the joint friction composed by 
Coulomb and viscous friction in the joints and inertial parameters for each link. The 
inertial parameters are the link mass, centre of mass coordinates and inertias with 
respect to each link frame: m, cx, cy, cz, Ixx, Iyy, Izz, Ixy, Ixz, Iyz. As this a priori in-
formation was not provided by the manufacturer, the parameters were calculated by 
using a CAD 3D model representing the robot. A uniform density solid virtual robot 
was created in order to estimate the mass of each link, the centre of gravity coordinates 
with respect each joint origin and the inertia matrix. These results are shown in Table 1. 
The DH parameters were established based on the diagram of Fig. 5. 
Tests were performed in order to estimate the torque constant for each joint as they 
are not usually provided by the manufacturer. The procedure defined in order to esti-
mate these constants was general for every joint but with some differences due the 
various configurations presented and the non-equal gravity effect on each one. De-
termining the torque constant allowed calculating the motor torque in real time. 
Experimental tests were carried out to determine the friction curves for each actuator 
which provided a friction torque that was subtracted from the initial motor torque to 
perform the robot parameters identification. Several elastic impact tests were per-
formed at four different poses and three different speeds with the objective of com-
paring the external force estimated by the proposed method and the measured force by 
the ATI force sensor. An elastic interface attached to the robot end effector, based on a 
spring with elastic constant of 2.52 N/mm and a free length of 125 mm was used to 
provide an incremental external force. 
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Fig. 5. ABB IRB 2400 links diagram. 
Table 1. LINKS PARAMETERS FOR LINKS 1 TO 6 
 Link 1 Link 2 Link 3 Link 4 Link 5 Link 6 
M [kg] 146.1 44.52 46.02 17.89 0.978 0.012 
Cx [m] -69.52 -383.4 95.14 0.301 0.956 0.015 
Cy[m] -169.6 -50.11 -14.9 198.4 0.039 -0.01 
Cz[m] -20.7 -0.493 -14.3 -1.01 -0.24 0.032 
Ixx[kg·m2] 11.84 0.242 1.043 0.519 -0.06 -0.002 
Iyy[kg·m2] 6.571 1.784 3.408 0.043 -0.95 -0.06 
Izz[kg·m2] 9.875 1.758 2.726 0.510 -0.89 -0.03 
Ixy[kg·m2] -2.746 -0.058 0.119 3E-4 0.036 0.01 
Ixz[kg·m2] -0.51 -0.005 0.329 4E-5 -0.23 -0.1 
Iyz[kg·m2] -0.58 0.001 -0.03 -3E-3 -0.01 -3E-4 
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Table 2. POSES USED FOR EXPERIMENT ON FIG. 6 
Pose Q1 [deg] Q2 [deg] Q3 [deg] Q4 [deg] Q5 [deg] Q6 [deg] 
A  -94.2 10.6 22.7 19.9 12.4 81.4 
B  -93.5 25.5 26.8 25.6 8.4 75.9 
 
6 RESULTS 
The results presented in Fig. 6 evaluate the model accuracy when calculating the ex-
ternal perpendicular force by using (3) for the trajectory defined between pose A and B 
and returning to A, shortened for sake of clarity. These points are presented in Table 2. 
The force prediction error is small except when the velocity changes its sense, as it was 
expected due the uncertainty of the friction curve at low speeds and the low frequency 
available for the positional feedback due the controller limitations in comparison with 
the rate of the actuators current readings.  
 
Fig. 6. Model validation based on external force estimation by experiment. 
An increase in the error of the torque calculations when the motor changes its sense 
has also been detected which is produced by the phase order change of the currents 
which creates a non-sinusoidal transitional wave prejudicial for the amplitude calcula-
tion described by equation (5).  
It has been found than perpendicular forces can be calculated with an average error 
of 2.47 kg which means 12.35% of the payload. Hence, validating the proposed ap-
proach and differentiating it from the state of art presented. 
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7 Conclusion 
The facilities where maintainability and measuring tasks have to be executed in a 
radioactive or hazardous environment will likely increase the application of remote 
handling solutions due to the safety measures like ALARA, reducing the human in-
teraction with hazardous environments. Force feedback would be essential to perform 
remote handling and maintenance. Since backdrivable slaves and torque sensors are not 
cost-effective an alternative approach has been proposed which estimates the external 
forces and torques with an acceptable level of accuracy by using the robot model and 
current information. This method does not require either any modification of the robot 
or additional wiring but only current sensing at the controller output. It can be em-
ployed not only as a substitution of the conventional sensors but also as a redundant 
solution when other methods are preferred. The applications of the proposed method 
are not limited to hazardous environments but can also be applied to robot solutions 
where it is difficult to add a sensor at the end-effectors, like medical telesurgery, and 
where there is a need to design environment and size specific force sensors. This ap-
proach can be extended to other robot manipulators and future work would focus on 
implementing it on light weight and hydraulic manipulators. 
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